Male infertility is one possible consequence of a group of disorders arising from dysfunction of cilia.
INTRODUCTION
Male infertility is a common disease, and to date about 10% of all cases are known to result from genetic defects. These can arise from chromosomal aberrations, microdeletions of the Y chromosome, or single gene mutations [1, 2] . However, the underlying genes and molecular mechanisms are not well understood. In recent years many mouse models have shed some light on the molecular pathophysiology of infertility [3, 4] . In those, virtually all steps during spermatogenesis were found to be affected and include the spermatogonial/replicative and meiotic phases, spermiogenesis, as well as the spermiation process [3] . Spermiogenesis is the postmeiotic differentiation process during which the chromatin condenses, the acrosome is formed, and the flagellum develops. Of interest, infertile men frequently display reduced or absent motility of the sperm cells resulting from abnormalities of flagellar morphogenesis [5, 6] . The flagellum is the crucial structure for mobility of the sperm cell and thus an essential requirement to fertilize an oocyte. Flagellar assembly involves processes that proceed from the proximal to the distal side as well as others that proceed in the opposite direction, suggesting that regulated intraflagellar transport plays a prominent role [7] [8] [9] .
The retinitis pigmentosa GTPase regulator gene (RPGR) gene is widely expressed, mainly in ciliated tissues, and is highly conserved throughout species [10, 11] . At the protein level, exons 2-11 encode the regulator of chromosome condensation (RCC1)-like domain, which is homologous to the RCC1-protein, a guanine-nucleotide exchange factor involved in nuclear import and export [10] [11] [12] . This domain is thought to be common to the majority of both human and murine RPGR protein isoforms known to date. Mouse and humans share 76.4% and 64% identity at the nucleotide and amino acid level, respectively [13] . The N-terminal RCC1-like domain retains 80% amino acid identity [14] .
The murine Rpgr gene consists of 19 exons and shows an extraordinary high degree of alternative splicing, similar to the human ortholog [13, 15] . The predicted size of the murine protein encoded by exons 1-19 is about 95kDa, whereas an alternative isoform retaining intron 14 (equivalent to human exon ORF15) results in a protein of about 150-200 kDa. In mouse, Rpgr expression analyses detected mRNA in the retina, brain, lung, kidney, liver, and testis [16] . Among these tissues, testis displayed the highest level of expression as well as several alternatively spliced transcripts. On the protein level, a testis-specific isoform with a molecular weight of 165 kDa has been described [17] . These findings indicate that RPGR isoforms have tissue-specific functions, also in testis.
In human, bovine, and mouse retina, RPGR isoforms were found mainly in the connecting cilium as well as in the basal body/transition zone of photoreceptors [17] [18] [19] [20] [21] [22] . The connect-ing cilium is a narrow intracellular link between the inner and outer segments of photoreceptor cells with a crucial role in protein transport. In mouse sperm flagella, RPGR was localized along the length of the axoneme and the tip of the flagellum [22] , structures involved in intraflagellar transport (IFT). In addition to its localization, some of the RPGR interacting proteins also suggest a role in transport. Proteins of cilia, the basal body, as well as the microtubule network were found in a complex with different RPGR isoforms [21] [22] [23] . Noteworthy, the association of proteins of the IFT complex has been identified for several human and bovine RPGR isoforms, suggesting a role in IFT pathways [22, [24] [25] [26] .
In humans, RPGR mutations account for approximately 70% of all X-linked retinitis pigmentosa (RP) cases and also for other retinal degenerations [27] [28] [29] [30] [31] [32] . A cilia-associated role of RPGR is further indicated by mutations associated with RP, recurrent sinorespiratory infections, and hearing loss [33, 34] . Of special interest, mutations in RPGR have also been associated with a complex phenotype combining RP and primary ciliary dyskinesia (PCD), a disease resulting from defects of cilia in the respiratory tract, embryonic node, and sperm tail, the latter leading to male infertility [35] [36] [37] . Of note, patients suffering from X-linked RP were described to display alterations in sperm axoneme structure [38] .
Taken together, these data suggest a role for RPGR in ciliary/flagellar transport pathways. Consequently, qualitative or quantitative alterations in RPGR may lead to an impairment of these processes and thus not only to the hitherto known ciliary phenotypes but also to dysfunctions of sperm flagella.
Here we report on infertility in RPGR overexpressing transgenic mice due to severely reduced sperm numbers as well as morphological and functional defects in the sperm flagellum. This infertility phenotype suggests a critical role of RPGR in spermatogenesis.
MATERIALS AND METHODS

Animals
All animals used in this study were treated according to the NIH guide for Care and Use of Laboratory Animals as approved by the Swiss cantonal veterinary office. Wild-type and transgenic adult male mice at the age of 12 mo, in a mixed B6;C3 background, were anesthetized by CO 2 inhalation and subsequently killed by cervical dislocation before removal of testes.
Generation of Transgenic Mice
For male pronucleus microinjection, a linearized P1 artificial chromosome (PAC) clone containing the Rpgr gene was used. The PAC was isolated by hybridization of a mouse 129 genomic PAC library with two cDNA probes covering exons 1-2 and 18-19, respectively [13] . Sequencing of the isolated PAC revealed that it contained the entire genomic region of Rpgr in addition to 7 kb of the flanking 5 0 and 43 kb of the flanking 3 0 end. After linearization with NotI, the PAC was purified by pulse-field electrophoresis (BioRad, Munich, Germany), Subsequently, DNA was processed for injection as described elsewhere [39] . Briefly, precipitated DNA was dissolved in TE buffer (40 mM Tris, 1 mM EDTA, pH 7.6) containing 100 mM NaCl, 30 lm spermine, and 30 lm spermidine to a concentration of 2 ng/ll. Aliquots were dialyzed prior to injection on floating dialysis membranes (pore size 0.05 lm, Millipore, Schwalbach, Germany) for 2 h and then centrifuged in an Eppendorf microcentrifuge at maximum speed. The PAC was injected into male pronuclei of fertilized oocytes derived from B6C3F1 (C57BL/6 3 C3H/J) 3 B6C3F1 matings using an Eppendorf FemtoJet injection system under constant positive flow (Eppendorf, Hamburg, Germany).
Southern Blot Analysis
Genotype analysis of founders and offspring was performed by Southern Blot analysis on mouse tail DNA. Briefly, HindIII digested DNA was separated on a 1% v/v agarose gel and blotted onto a nitrocellulose membrane (GeneScren Plus, NEN Life Science, Boston, MA). A 32 P-labeled probe covering exons 3-5 of murine Rpgr was used for hybridization. In the C57BL/6 line, a 400-bp deletion in intron 4 of Rpgr occurred resulting in reduced fragment size. This polymorphism in the Rpgr gene allowed us to discriminate between the endogenous Rpgr locus and the transgene.
In Vitro Fertilization
Males from transgenic and wild-type mice were killed by CO 2 about 12 h after hCG injection of the egg donors. The cauda epididymis and vas deferens of each side were dissected to remove all fat and blood vessels and then placed in a culture dish with 0.5 ml preincubated HTF (human tubal fluid) medium covered with embryo tested mineral oil. To release the sperm from the epididymis, it was immediately punctured several times with a 30-gauge needle. In addition, sperm in the vas deferens were gently squeezed out using forceps. All procedures were carried out quickly and on a warming plate (378C) under sterile conditions. Afterward, the dish was placed for 50 min in the incubator (378C, 5% CO 2 in air) to allow the spermatozoa to capacitate. The egg donors were superovulated by standard protocols and killed about 12.5 h after hCG treatment. The dissected oviducts were placed into HTF medium, and the swollen ampullae were tore with a 30-gauge needle to release the cumulus masses, that is, the oocytes surrounded by cumulus cells. The cumulus masses of several females were placed into fertilization dishes with 1.0 ml HTF medium. Before IVF the spermatozoa were inspected for concentration, and 60 ll of the sperm suspension were added to the oocytes. After 5-6 h of incubation, the oocytes were removed from the fertilization dish and washed several times in M16 medium (Sigma-Aldrich, Buchs, Switzerland) to leave behind as much cell debris as possible. Oocytes exhibiting normal morphology were cultured in M16 medium and incubated for an additional 20 h period to reach to two-cell-stage. The embryos were transferred together with two-cell embryos from control IVF into the oviduct of a Day 0.5 postcoitum pseudopregnant surrogate mother.
Copy Number Determination
Genomic DNA was isolated from rodent tails using the Qiagen DNeasy Tissue kit (Qiagen, Hombrechtikon, Switzerland 0 ) and three replicates for the internal standard 18S rRNA (TaqMan Ribosomal RNA Control Reagent, Applied Biosystems) were included for each sample. We used the DC t -method for relative quantification and analyzed the data by using the ABI Prism 7900HT SDS2.2 software and Excel (Microsoft, Redmond, WA). Based on the mean relative expression values for the technical replicates, the mean value for the relative expression was calculated and used as the basis for the statistical analysis with the SPSS MALE INFERTILITY DUE TO RPGR OVEREXPRESSION v.14 software (SPSS Inc., Chicago, IL). Outliers were omitted based on Grubbs test. Statistical analyses were done using Kruskal-Wallis and Mann-Whitney Utest.
Generation of Anti-RPGR Antibody
A polyclonal antibody was raised in rabbit against a short amino acid sequence coded by exon 5 of the murine RPGR sequence (   153   NEGQLGLGDTDDRDTFH   169 ) (NCBI; accession number NP_035415) (Eurogentec, Seraing, Belgium). The antibody Ab5.1 was affinity purified against the cognate peptide (Sulfolink, Pierce Biotechnology, IL) according to the manufacturer's instructions. Briefly, the peptide was coupled via disulfide bonds to a column, which was subsequently incubated with the rabbit antisera for 1 h at room temperature to allow binding to occur. After elution, the IgG concentration of affinity-purified antibodies was determined using a Nanodrop (ND-3300; Witec AG, Littau, Switzerland).
Western Blot Analysis
Testes of transgenic animals were snap-frozen in liquid nitrogen. Frozen tissues were homogenized in a glass Teflon Potter in RIPA buffer (50 mM Tris, 150 mM NaCl, 1 mM EDTA, 0.2% NP40) containing complete protease inhibitor cocktail (Roche Diagnostics GmbH, Mannheim, Germany) followed by centrifugation at 2000 3 g at 48C. Protein concentration was determined from the supernatant by a bicinchoninic acid assay (Sigma-Aldrich, Steinheim, Germany) and read out on an ELISA-plate reader (ELx808, BioTek, Littau, Switzerland). Protein extracts were diluted with 53 SDS loading buffer (120 mM Tris [pH 6.8], 2% w/v SDS, 5% v/v b-mercaptoethanol, 50% v/v glycerol, bromophenolblue), boiled, and resolved on a 10% w/v SDS-PAGE. For testis, 33 lg of protein extract were loaded. After electrophoresis, proteins were transferred to a PVDF membrane (Roche Diagnostics) by semidry blotting (BioRad). Detection was performed by using anti-RPGR Ab5.1 at 2.9 lg/ml, and a mouse anti-GAPDH antibody was used as a loading control (Chemicon, Dietlikon, Switzerland). For blocking experiments, the antibody was preabsorbed with 50 lg peptide for 3 h at room temperature. As secondary antibody, anti-rabbit and anti-mouse IgG coupled to horseradish peroxidase (Dianova, Hamburg, Germany) were used at dilutions of 1:500. Blots were developed with Western Lightning Chemiluminescence Reagent Plus (PerkinElmer, Boston, MA) and chemiluminescence detection film (Lumi-Film, Roche Diagnostics).
Quantification of Western Blots
Western blots were scanned (Epson Perfection 1660 Photo, Meerbusch, Germany) and used for quantification. Density of RPGR immunoreactive bands at different exposure times was measured with image analysis software (TL 100, Nonlinear Dynamics, Newcastle upon Tyne, UK) and used for further calculation. Comparison of GAPDH immunoreactivity was used to ensure that equal amounts of protein extracts were loaded into each lane (data not shown). The fold change of RPGR-165 isoform in transgenic animals was calculated relative to wild-type (1217/wt) and 1217/Tg4 band density, respectively. The graph shows values of one representative experiment.
Histology
Testes from 12-mo-old wild-type and transgenic mice were collected and immediately frozen in liquid nitrogen and stored at À808C until further usage. Tissues were fixed at 48C for 6 h in serras fixative (60% v/v 100% v/v ethanol, 30% v/v 37% v/v formaldehyde, 10% v/v 100% v/v acetic acid), dehydrated in ascending concentrations of isopropanol, transferred into chloroform, and embedded in paraffin. Sections of 5-6 lm were cut with a microtome (Leica Microsystems, RM2145, Glattbrugg, Switzerland). Slides were stained with hematoxylin and eosin and then examined and photographed with a Zeiss microscope (Axioplan 2, Zeiss, Feldbach, Switzerland) attached to a Zeiss camera (AxioCam HR).
Electron Microscopy
Tissue was fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.3) at 48C overnight, washed in cacodylate buffer, incubated in osmium tetroxide for 1 h, dehydrated in increasing ethanol concentrations, and embedded in Epon 812. Sections (50-60 nm) were prepared and contrasted with 4% uranyl acetate in 50% EtOH and 2.6% lead nitrate in 1 M NaOH. Sections were analyzed using a Hitachi 7000 electron microscope (Hitachi, Tokyo, Japan).
RESULTS
Generation of Rpgr Transgenic Mice
A transgenic mouse line was generated by pronuclear injection of a mouse P1 artificial chromosome (PAC) clone that was entirely sequenced and used for comparative sequence analysis of RPGR in humans and mouse [13] . In addition to the coding region of Rpgr derived from the mouse strain 129 (Rpgr 129 ), the PAC also contained flanking genomic sequence in the 5 0 and 3 0 end of 7 and 43 kb, respectively, which likely include regulatory elements of the Rpgr gene. For microinjec- ) was detected in offspring derived from two independent founders. Analysis of DNA derived from the progeny of Rpgr transgenic founder mice 1222 and 1217 was performed by Southern blot hybridization. The reduced fragment size in B6 is due to a deletion polymorphism in intron 4 of Rpgr. This 400-bp deletion allows one to discriminate if the Rpgr gene copy is derived from the transgene or C57BL/6 mice. The presence of the transgene is also indicated by an increased signal intensity of the nondeleted allele. According to these results, all offspring from founder 1217 (three females [f] and two males [m]) carry the transgene. In the progeny of founder 1222, we detected two transgenic mice, one female and one male. As the transgenic male mice have inherited the B6 allele of Rpgr, the upper band exclusively represents the transgene. 610 tion, zygotes from the mixed B6C3F1 strain were used. After transfer of microinjected embryos into carrier females, the offspring were genotyped for Rpgr and Pde6b on tail DNA. A nonsense mutation in the Pde6b gene is known to cause retinal degeneration (rd1) in several inbred strains, including the C3H strain [40] . In addition to the nonsense mutation, the rd1 mice carry a proviral insertion in intron 1 of Pde6b, which cosegregates with the retinal phenotype [41] . This mutation can be detected by PCR and was used for genotyping purposes [42] . After exclusion of the Pde6b rd1 allele, we determined if the transgene was present and identified two founders by Southern blot hybridization (Fig. 1) . The two females were mated with C57BL/6 males to establish two independent transgenic lines with confirmed integration of the transgene, denoted B6;C3-Tg(Rpgr) 1217 and 1222. Analysis of the progeny revealed germ-line transmission of the PAC transgene for both founders.
Determination of the Rpgr Copy Number in Transgenic Animals
To determine the number of integrated Rpgr copies into the genome of the individual animals, a quantitative real-time PCR assay (TaqMan) was used. The founder female 1222 had 20 and founder female 1217 had 24 transgenic Rpgr copies (animals were designated therefore as Tg20 and Tg24), respectively (Table 1 ). In the first litter of female 1222, one transgenic animal had 11 copies (1222/Tg11), and from female 1217, one male offspring had eight transgenic copies of Rpgr (1217/Tg8). In the second litter, originating from the founder female 1222, three male mice were wild-type, and one had 10 copies of the transgene (1222/Tg10). In the second litter from the founder female 1217, six offspring inherited the transgene in variable copy numbers (1217/Tg2-1217/Tg13) ( Table 1) . One sibling of this litter was wild-type and used as littermate control (1217/wt). For exclusion of effects on the phenotype due to integration site, experiments were done on animals deriving from both transgenic founder females.
Infertility in Transgenic Male Mice
Two transgenic male mice from the first litter carrying 8 and 11 copies of Rpgr (1217/Tg8 and 1222/Tg11), respectively, were bred to wild-type B6 females. Although mating occurred as indicated by the positive control of copulatory plugs, no progeny were produced. Consequently, an in vitro fertilization (IVF) procedure was carried out. Four animals from the second litter were chosen that carried 2, 8, 10, and 12 copies of Rpgr (1217/Tg2, 1217/Tg8, 1222/Tg10, and 1217/Tg12), respectively. Caudae epididymides of these animals were dissected and treated as described before. For the animals 1217/Tg8, 1222/Tg10, and 1217/Tg12, neither morphologically intact nor sperm cells with deformities were released from the punctured caudae epididymides. The cell debris found in the sperm dish had no obvious spermatogenic cells and was therefore not further analyzed. In the male with two copies of the Rpgr transgene (1217/Tg2), sperm cells were present and used for IVF. After IVF, only one two-cell embryo was produced out of approximately 200 oocytes incubated with the 1217/Tg2 sperm, in contrast to about 73% fertilized oocytes of the control IVF using wild-type sperm (data not shown). However, the single Rpgr-transgenic embryo did not develop to term after embryo cotransfer with control wild-type two-cell embryos as confirmed by the coat color and by genotyping of the offspring.
Expression Levels of Transgenic Rpgr/RPGR
To characterize the infertility phenotype on the molecular level, qRT-PCR and Western blot analyses were performed. Transcript analyses in testis extracts showed that all transgenic animals examined (1217/Tg2, 1217/Tg8, 1222/Tg10, and 
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Western blot of RPGR protein expression in wild-type and transgenic animals carrying 4, 5, and 13 copies of the transgene (1217/Tg4, 1217/ Tg5, and 1217/Tg13). Long exposure revealed several bands in wild-type and transgenic animals (left). Western blot incubated with preabsorbed antibody was used for specificity testing (right). One representative experiment is shown. Protein sizes are indicated on the left side in kDa. C) Relative expression of the RPGR-165 kDa isoform compared to wild-type protein level observed in the blot of B.
1217/Tg12) had significantly elevated mRNA levels compared to wild-type ( Fig. 2A) . Transgene expression was increased significantly in 1217/Tg2 by 32-fold compared to wild-type and also significantly higher in 1217/Tg8 and 1222/Tg10 compared to 1217/Tg2. We did not detect significant difference in the transgene expression in 1217/Tg8 and 1222/Tg10, and the expression level in testis of animal 1217/Tg12 was similar to 1217/Tg2. Overall, Rpgr was overexpressed in the testes of transgenic animals; however, high levels of transgenic Rpgr copy numbers led to an attenuation of transcript expression.
Subsequently, the effect of elevated mRNA expression on testicular RPGR protein level was assessed by Western blot analysis. A polyclonal RPGR-specific antibody recognizing a peptide derived from exon 5 was used for this purpose (Ab 5.1). In the wild-type, the antibody recognized three proteins at 40, 65, and 165 kDa (Fig. 2B, left blot) . The binding to the protein of 65 kDa was judged to be nonspecific, as it was not blocked by preabsorption with the cognate peptide (Fig. 2B,  right blot) . In testes from overexpressing males, additional immunoreactive bands were detected (80, 95, and 125 kDa). Thus, those bands seem to be specific to RPGR. The amount of the testis-specific [17] RPGR isoform of 165 kDa was significantly increased compared to wild-type. An antibody against RPGR-ORF15 did not detect a protein of that size, FIG. 3 . Histological analysis of testes from transgenic and wild-type mice. Hematoxylin and eosin staining of testes sections from wild-type (A and B) and transgenic (C-H) mice. In the wild-type, the lumina of the seminiferous tubules were filled with mature spermatozoa (arrows). In the animal carrying two copies of Rpgr, mature spermatozoa were still present (C and D, arrows), whereas in the animals carrying eight or more copies of Rpgr, the lumen of the tubules were empty (E-H, arrows). Note that the heads of condensing spermatids were formed (F and H, arrowheads), but the flagella were absent. Bar ¼ 100 lm (A, C, E, and G) and 50 lm (B, D, F, and H).
indicating that this high molecular isoform might not contain exon ORF15 (data not shown). It is noteworthy that expression of exon ORF15 in testis has been reported [22] . A smaller product of approximately 125 kDa was observed in 1217/Tg4 and 1217/Tg5, suggesting either translation of alternatively spliced mRNA, posttranslational modifications, or sample degradation. However, this isoform was not detected in 1217/ Tg13, which might indicate altered splicing in correlation with the expression level of RPGR. The amount of the two proteins of 95 and 100 kDa was also increased in male 1217/Tg13, indicating specificity to RPGR. The transcript of Rpgr containing exons 1-19 is estimated to yield a protein of approximately 95 kDa [17, 43] . Several minor immunoreactive fragments were also detected between 75 and 100 kDa. Based on their loss of immunoreactivity when the antibody was preabsorbed, these also appeared to be specific to RPGR and might also represent different posttranslational modifications, alternative splicing, or sample degradation. The protein of 40 kDa might be either a different RPGR isoform or degradation product.
Approximations of fold change of protein level of the highly overexpressed RPGR 165-kDa isoform by semiquantitative densitometric analysis suggested that animals with four and five copies showed 30-fold increase in protein amount (Fig.  2C) . Lower exposure times of the Western blot revealed that 1217/Tg13 had about 1.4-1.6 times higher protein levels compared to 1217/Tg4 and 12177Tg5, respectively (data not shown).
Histological Analysis of Transgenic Testes
We next examined whether spermatogenesis and/or morphology of transgenic sperm was disturbed because of overexpression of RPGR and whether any such changes could explain the observed infertility. Therefore, testis sections from wild-type and different transgenic animals were examined. Wild-type animals presented normal morphology with all Note the organized structure of the MS, the outer dense fibers in the midpiece, the FS, and the outer dense fibers in the principle piece. Scheme modified after Fawcett [45] . B) Electron micrograph of a section through the midpiece of a wild-type flagellum. The MS is regular, and the ODF perfectly correlate with the outer doublets of the axoneme. C) Micrograph showing multiple cross sections through the flagella of wild-type sperm as a control. The organization of the ODF in the midpiece and principal piece stands in strong contrast to the sperm from mice overexpressing RPGR. D) Cross sections of three flagellar midpieces from transgenic mice carrying four Rpgr copies. The arrow points to a major defect in the organization of the axoneme and ODF within one sperm. E) In all cross sections through the flagellar midpiece of a Tg5 animal, abnormal numbers of ODF were found (arrows). There were also multiple defects observed in what appears to be a cross section through a principal piece (arrowhead). F) Cross sections through three abnormal principal pieces in a Tg5 animal. Each has defects in the FS, including abnormal thickening of the lateral ribs (black arrows) and varying degrees of asymmetrical positioning of the longitudinal columns (white arrows). A defect in the organization of an axoneme is marked by a gray arrow. Defects in the axoneme were rare relative to the abundance and severity of defects seen in the flagellar accessory structures. G-J) Condensed sperm head with the neck region of the sperm flagellum from a wild-type mouse (G) and transgenic animals Tg5 (H) and Tg11 (I and J). In all sections, some basic structures of the neck region/connecting piece, such as the basal plate, could be observed (arrows). Bars ¼ 0.2 lm (B), 1 lm (C-E), 0.5 lm (F), and 2 lm (G-J).
maturation stages of sperm visible during spermatogenesis (Fig. 3, A and B) . In the animal with two copies of Rpgr (1217/ Tg2), morphology appeared unaltered as well (Fig. 3, C and  D) . The lumina of seminiferous tubules contained normallooking flagella (arrows). In contrast, in males carrying 8 or 10 Rpgr copies (1217/Tg8 and 1222/Tg10), the lumina of the seminiferous tubules were empty, indicating a severely reduced number of mature spermatozoa (Fig. 3, E-H) . However, some spermatids with condensed nuclei were present, indicating that postmeiotic aspects of spermatogenesis were not entirely ablated (Fig. 3, F and H, arrowheads) .
Ultrastructural Changes in Sperm Flagellum
Structurally, the flagellum can be divided into four segments (connecting piece, midpiece, principal piece, and endpiece) (Fig. 4A) [44, 45] . The axoneme extends through the whole length of the flagellum. In the midpiece it is surrounded by nine outer dense fibers (ODF), which correspond to the nine outer doublets of the axoneme (Fig. 4B) . The midpiece, the only region of mature spermatozoa to contain mitochondria, is encircled by the mitochondrial sheath (MS; Fig. 4B ). The principal piece is surrounded by the fibrous sheath (FS), which consists of two longitudinal columns that are attached to ODF 3 and 8, and replaces them such that moving distally the principal piece then has seven ODF. Because in animals with moderate copy numbers (four to five) mature spermatozoa were still present, putative substructural defects were investigated by transmission electron microscopy. Males 1217/Tg4 and 1217/ Tg5 were chosen, as their copy number is between the morphologically normal-looking flagella of animals with two copies and the lack of flagella seen with 8 or 10 copies. Sperm from wild-type littermates showed normal flagellar substructural organization (Fig. 4C) . In the transgenic animal with five copies (1217/Tg5), defects were observed in several structures of both the midpiece and the principal piece of the flagellum and varied between individual sperm within the same tissue section (Fig. 4, D-F) . Occasionally, the mitochondria of the flagellar midpiece appeared abnormal in Rpgr transgenic mice in terms of their arrangement and contents. Moreover, derangements in the organization of the ODF were present (Fig. 4D) . In some other midpieces, the mitochondria had a relatively normal appearance, but there was an excess of cytoplasm under the plasma membrane, and the number of ODF was less than the nine, which would be expected at this level in the flagellum (Fig. 4E) . Sections through the principal piece revealed derangements of the FS, including asymmetry and thickening of the lateral ribs (Fig. 4F) . Occasionally, sperm exhibited an abnormal axoneme. In order to see whether flagellar formation was completely abolished in transgenic mice with high copy numbers, we looked at the zone of the connecting piece in wild-type (Fig. 4G ) and transgenic animals with 4 ( Fig. 4H ) and 11 copies (Fig. 4, I and J). Although only very few sperm heads with condensed nuclei were present in those sections, some of the spermatids were informative and revealed that structures of the connecting piece associated with early flagellar biogenesis seemed to be present in animal 1217/ Tg4 (Fig. 4H, arrow) and animal 1222/Tg11 (Fig. 4, I and J, arrows). In both transgenic animals, the basal plate was visible (Fig. 4, H and I, arrows) . This finding might indicate that the defect is due not to a complete failure in flagellar formation but rather to a disturbed organization.
Together, these data suggest that overexpression of RPGR could be associated with multiple defects in flagellar assembly rather than a specific defect in one flagellar structure.
DISCUSSION
In this study, we demonstrated that overexpression of RPGR can result in infertility of male mice because of defects in spermiogenesis. The extent of the defect in flagellar formation, ranging from disorganization of accessory structures (ODF, FS, and MS) to the complete lack of flagella, was dependent on the copy number of Rpgr.
Specificity of Observed Infertility
The strategy that was used to generate transgenic mice is based on random integration of the transgene into the genome. Therefore, the two founder females were expected to carry the transgene in varying number and at different chromosomal integration sites. This raises the possibility that the observed male sterility was caused by insertional mutagenesis. Nevertheless, male offspring of both founder females developed identical phenotypes. Second, the structural abnormalities in sperm cells correlated with the number of copies of Rpgr. Thus, males carrying two copies of the transgene still had motile sperm, and the flagellum was built. However, in animals with an intermediate number of Rpgr copies (four to five) and an elevated protein amount of at least 30-fold of wild-type level, the flagellum was also built, but accessory structures were not properly organized. In contrast, in animals with high copy numbers (i.e., 13) and an increased protein expression of another 40%-60% compared to males 1217/Tg4 and 1217/ Tg5, the flagellum was not built at all. This strict dosedependent phenotype also supports the specificity of the effect. In a recent review of 23 knockout mouse models with abnormalities of the sperm flagellum, only three of those specifically resembled the noted absence of flagella while the sperm head was still formed and the nucleus underwent condensation [4] . These are discussed in the following. Seven of the 23 models displayed disruptions in either the FS or the MS; however, none of these defects seemed to result directly from defects in flagellar assembly and transport.
Unstable Transmission of Transgene from Founder Females to Male Offspring
Genotyping of the transgenic animals revealed that transgenic Rpgr was not inherited in a stable fashion from the mothers to their offspring. While the two founder females had 20 and 24 copies, respectively, the male offspring showed a highly variable number of Rpgr copies. In each case they had lower numbers than the copy number carried by the mothers. Such loss is known to occur during meiosis due to either unequal crossover or slippage during DNA replication [46] . Alternatively, the transgenic loci at multiple insertion sites segregated independently.
Effect of Copy Number on Transcript Levels
On the transcript level we found an attenuation of overexpression in animals with high copy numbers. This might be due to genetic background effects, as the transgene was injected into B6C3F1 pronuclei and then backcrossed for only one generation to C57BL/6 background. In addition, the Rpgr transgene was derived from the 129 mouse strain and was expressed in a mixed C57BL/6 3 C3H background. Furthermore, high copy number of transgenes has been reported to display reduced expression [47] . Alternatively, it seems possible that not all cis-acting elements were included beside the large genomic extend of the PAC. Since only one animal for each copy number has been generated, the observed 614 variations may reflect individual deviations of transgene expression. Precise regulation of excess transcriptional products was not relevant to the testing of overexpression of protein, so this line of inquiry was not pursued.
Isoform-Specific Overexpression of the Rpgr Transgene
We detected several overexpressed protein isoforms of RPGR in testis. The highly overexpressed isoform of 165 kDa (RPGR-165) has been described as testis specific in mouse [17] . Another isoform of lower molecular weight (RPGR-95), corresponding to the size of the RPGR default variant containing exons 1-19, was also elevated. The amount of the isoform of 130 kDa was elevated in animals 1217/Tg4 and 1217/Tg5 but could not be detected in 1217/Tg13. These differences might be attributed to different regulatory mechanisms due to high overexpression. In summary, these data further support previous findings of our and other groups that Rpgr is alternatively spliced and generates different isoforms in a tissue-specific manner [15, 16, 32] . These different isoforms might have distinct functions in the formation and maintenance of cilia and flagella.
Defects in Periaxonemal Structures
Previous studies described ultrastructural defects of the flagellum in infertile men [5, 48] . Likewise, numerous genetically engineered mouse models also revealed a flagellar phenotype [4] . For example, Akap4 as well as Ube2b null mice have disturbed organization of the FS [49, 50] . Although those proteins are not directly involved in IFT, they presumably play a role in FS organization. Indeed, the asymmetry and FS disorganization seen in the Ube2b null mice resembles the mildly asymmetrical FS phenotype observed in RPGR overexpressing mice. In addition, failure in some cells to achieve or maintain complete encirclement of the flagellum with the lateral ribs of the FS was also seen in some Ube2b null sperm. In humans, some of the patients described by Chemes et al. and Escalier and David showed abnormalities of the axoneme [5, 48] . This was only found very occasionally in our RPGR overexpressing mouse line. However, patients also exhibited defects in the periaxonemal structures like the FS, a feature that was also present in our Rpgr transgenic mouse line with moderate copy numbers. Also of note, some of the patients described in these studies presented with additional symptoms of the respiratory system or with situs inversus, reminiscent of PCD.
The disarrangement of structural components like the ODF, FS, and MS in animals with moderate Rpgr copy numbers (i.e., five) rather than a principal failure in axoneme formation suggests that the assembly process of these structures was compromised. In animals with high copy numbers of Rpgr (i.e., more than eight), the assembly of the flagellum was completely abolished. Therefore, we examined round and condensing spermatids to determine whether development of flagella was initiated. These analyses were limited by the need for sections precisely through the developing connecting piece at a point that would be informative. We observed several examples in which the basal plate was identifiable, as were the initial aggregations of flagellar anlage, but no spermatids with amorphous tails of intermediate length. This suggests that very high Rpgr copy numbers lead to a lack of flagella but not to a short, stunted tail.
Our observations suggest an initiation of flagellar biogenesis and a failure in assembly. This distinguishes the RPGR overexpression phenotype from that of ''easily decapitated sperm syndrome,'' where the basal plate does not form and the fully developed flagellum loses its attachment to the sperm head [51] .
RPGR in Microtubular Transport Pathways
Transport of flagellar components is accomplished by intraflagellar transport (IFT) [25, 52] . Several IFT proteins (IFT57, IFT52, IFT20, and IFT88) are abundantly expressed in murine testis, and IFT88 was found in the manchette of mouse and rat spermatids [53, 54] . Likewise, those proteins can be detected in mouse retina, and it was shown that IFT complexes are present in both tissues [55] . Of note, the RPGR-ORF15 isoform associates with IFT88 (Polaris) [22] . Additionally, RPGR and RPGR-ORF15 isoforms both interact with microtubule motor protein subunits known to be responsible for IFT, like KIF3A, KAP3, p150
Glued , dynein intermediate chain, and p50-dynamitin [22, 24] . In Tg737(IFT88) mutant mice, mainly kidney and retina were affected [53, 56] . Furthermore, these mice might have defects in spermiogenesis [54, 57] .
Of great interest is that in addition to aberrant sperm found in X-linked RP patients [38] , several mouse mutants of ciliary/ flagellar proteins reveal a similar testicular phenotype as observed in our Rpgr transgenic mice with high copy numbers [58] [59] [60] [61] [62] . Knockout mouse models for the Bardet-Biedl syndrome (BBS) affecting Bbs2, Bbs4, and Mkks (Bbs6) fail to develop flagella, but condensed sperm heads can still be found, suggesting that the transport machinery for flagellar formation is disrupted or that the connecting piece is formed inappropriately, and the developing flagellum breaks away from the body of the spermatid. In another mouse model for BBS, a knock-in mutation (M390R) was introduced into the Bbs1 gene [61] . This loss-of-function mutation also led to the lack of sperm flagella, whereas condensed sperm heads were present, but no details about the flagellar phenotype were described. Recently, Nachury et al. [63] found that 7 of the 12 known BBS proteins form a complex with some additional proteins (referred to as the BBSome), including BBS1, BBS2, and BBS4. Additionally, this complex was shown to be involved in vesicular trafficking to ciliary membranes, a process that also involves small GTPases of the Rab and Arf families [63] . Recent studies proposed a functional link between the BBSome and IFT [63] [64] [65] . To date, RPGR has never been shown to interact with BBS proteins. However, most of the BBS proteins also locate at the base of the cilium [66] [67] [68] [69] but presumably in a different ciliary compartment than RPGR [57] . A mouse model for PCD with a deletion of a region on chromosome 1 displayed absence of sperm flagellum, and a novel ciliary/flagellar protein (PCDP1) was found to be responsible for the manifestations [62] . Notably, mutations in RPGR may also lead to PCD [35] . Although the testicular phenotypes of the mutant Bbs and Pcdp1 mice is similar to our transgenic Rpgr mouse, as all display a lack of flagella, the underlying mechanisms leading to this specific structural abnormality might be attributed to different pathogenic mechanisms. Whereas in the Bbs and Pcdp1 mice the functional protein is absent, the mice described herein show an overexpression of RPGR. One possible explanation for the RPGR overexpression phenotype is that the excess of protein could lead to an cytoplasmic aggregation of RPGR that in turn could result in a lack of RPGR protein at the site where it is normally required for proper function (i.e., the basal body/ transition zone and/or the flagellum). The previously published Rpgr knockout mouse model did not address the investigations of a putative sperm flagellum phenotype; however, it was stated that the knockout mice were fertile [17] . It would be of MALE INFERTILITY DUE TO RPGR OVEREXPRESSION great interest to see whether those mice show structural abnormalities in the flagellum as well. An alternative hypothesis is that the sensitive balance between RPGR and its interacting proteins has been disturbed because of overexpression. The relative abundance of RPGR might exert a dominant-negative effect by altering the stoichiometry of the components of multiprotein complexes consequently leading to their dysfunction. This might also account for the variety in substructural phenotypes rather than a defect in the assembly of a specific component.
Taken together, the defects in flagellar formation displayed in the RPGR overexpressing mouse line described herein further strengthen the hypothesis that RPGR is involved in ciliary/flagellar assembly and/or transport pathways and fit the general hypothesis that many ciliopathies result from defects in a large ciliary protein complex, also including RPGR. In addition, these data for the first time provide evidence that alterations in RPGR lead to a flagellar phenotype in mice and therefore might be considered as a novel candidate gene for isolated and syndromic male infertility.
